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The T cell receptor (TCR) is required for positive
selection and the subsequent transition from
the CD4+CD8+ double-positive (DP) to the
CD4+ or CD8+ single-positive (SP) stage of ab
T cell development. The molecular mechanism
that maintains DP fate prior to the acquisition
of a functional TCR is not clear. We have shown
here that the structurally and functionally re-
lated transcription factors HEB and E2A work
together to maintain DP fate and to control the
DP to SP transition. Simultaneous deletion of
HEB and E2A in DP thymocytes was sufficient
for DP to SP transition independent of TCR.
LossofHEBandE2AallowedDPcells to bypass
the requirement for TCR-mediated positive
selection, downregulate DP-associated genes,
and upregulate SP-specific genes. These re-
sults identify HEB and E2A as the gatekeepers
that maintain cells at the DP stage of develop-
ment until a functional abTCR is produced.
INTRODUCTION
Production of a diverse, self-tolerant compartment of ab
T cells is dependent on precise coordination of anti-
gen-receptor recombination, differentiation, and selection
events during development in the thymus. The primary
determinant of progression through ab T cell development
is the expression of a functional T cell receptor (TCR). The
genes encoding the two components of the TCR, TCRa
and TCRb, undergo recombination in a lineage- and
stage-specific manner (Goldrath and Bevan, 1999). First,
thymocytes rearrange their TCRb chain during the
CD4CD8 double-negative (DN) stage of development.
Cells that undergo in-frame rearrangement to assemble
a functional TCRb will express a pre-TCR, composed of
TCRb and pre-Ta, and will then progress to the
CD4+CD8+ double-positive (DP) stage. It is during the
DP stage when thymocytes undergo TCRa rearrangement
to produce a mature abTCR. DP cells expressing a func-
tional TCR, capable of recognition of antigen in the
context of major histocompatibility complex (MHC)860 Immunity 27, 860–870, December 2007 ª2007 Elsevier Inc.molecules, will receive a positive-selection signal and dif-
ferentiate to the CD4+ or CD8+ single-positive (SP) stage.
DP thymocytes that fail to produce a functional TCR can-
not become SP cells and will die by neglect. Thymocytes
expressing a functional TCR also undergo an additional
selection process, termed negative selection, to eliminate
autoreactive cells (von Boehmer and Kisielow, 2006). TCR
expression and selection are obligatory events for the
development of SP cells that will then emigrate from the
thymus to establish the peripheral CD4 helper and CD8
cytotoxic T cell compartments.
The transition from DP to SP stage, directed by TCR-
mediated positive selection, involves the activity of E
protein transcription factors HEB and E2A encoded by
the genes Tcf12 and Tcfe2a, respectively (Murre, 2005).
E proteins, containing a basic-helix-loop-helix (bHLH)
domain, function as dimers to recognize and bind E box
sites (CANNTG), and HEB-E2A heterodimers have been
shown to be the major form of E proteins functioning dur-
ing T cell development (Barndt et al., 2000; Sawada and
Littman, 1993). Although HEB and E2A are required and
upregulated during the early stages of T cell development,
E2A activity is subsequently downregulated as thymo-
cytes progress through DP and SP stages (Bain et al.,
1997; Barndt et al., 1999; Engel et al., 2001; Pan et al.,
2002; Taghon et al., 2006). In particular, signaling by the
pre-TCR in DN thymocytes has been shown to result in
a downregulation of E2A activity for entry to DP stage,
and a similar mechanism has been proposed downstream
of TCR signaling for the DP to SP transition (Engel et al.,
2001; Murre, 2005). TCR signaling during a positive-
selection event has been suggested to reduce E2A activity
by inducing expression of the E protein inhibitor Id3 (Bain
et al., 2001). In addition, E2A-deficient mice demonstrate
an increase in maturation from the DP to SP stage,
whereas Id3-deficient mice demonstrate a decrease in
DP-to-SP maturation (Bain et al., 1999; Rivera et al.,
2000). These findings suggest that the downregulation of
E protein activity upon positive selection is critical for
proceeding past the TCR checkpoint to the SP stage of
development.
Two major issues remain to be addressed. First, TCR
signaling in late DP stage triggers multiple downstream
events in addition to downregulation of E2A. Loss of E2A
alone is clearly not sufficient to initiate the transition from
DP to SP. It is not known whether the removal of both
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E Proteins Enforce Thymocyte Positive SelectionFigure 1. T Cell-Specific Deletion of HEB and E2A Generates Peripheral CD8TCR Cells
(A) Representative staining of indicated tissues from 2-month-old Tcf12f/fTcfe2af/fCD4Cre control and Tcf12f/fTcfe2af/fCD4Cre+mice for CD4, CD8a,
and TCRb. Percentages in each quadrant are displayed.
(B) Cell number in the thymus of 2–3-month-old mice (n = 9).
(C) Cell numbers per 10,000 events collected from lymph node (LN) of 2–7-month-old mice (Tcf12f/fTcfe2af/fCD4Cre n = 7, Tcf12f/fTcfe2af/fCD4Cre+
n = 8). ***p < 0.001 and *p = 0.012, Student’s t test, two-tailed. Graphed results in (B) and (C) are means with error bars representing SD.E2A and HEB provides the only switch or one of many par-
allel regulatory events leading to SP development. Sec-
ond, although downregulation of E2A can facilitate the
DP to SP transition, the exact role for E proteins during
the DP stage prior to TCR expression is not known. Here
we examined E protein function by simultaneous removal
of both HEB and E2A at the DP stage. We found that the
premature loss of HEB and E2A triggers development of
CD8+ T cells even in the absence of a TCR. Our findings
identify a function for HEB and E2A in maintaining DP
fate and enforcing TCR-mediated positive selection.
Loss of HEB and E2A activity is not only necessary but
also sufficient for development to the SP stage.ImRESULTS
T Cell-Specific Deletion of HEB and E2A
in DP Thymocytes
To further investigate the roles for E proteins in positive
selection during DP to SP development, we have created
amousemodel for T lineage-specific deletion of both HEB
and E2A in DP thymocytes. We have crossed mice carry-
ing HEB (Wojciechowski et al., 2007) and E2A (Pan et al.,
2002) conditional alleles to CD4Cre transgenic mice
(Wolfer et al., 2001), and these mice will hereafter be re-
ferred to as Tcf12f/fTcfe2af/fCD4Cre+ mice. Upon initial
characterization of Tcf12f/fTcfe2af/fCD4Cre+ mice, wemunity 27, 860–870, December 2007 ª2007 Elsevier Inc. 861
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E Proteins Enforce Thymocyte Positive SelectionFigure 2. HEB and E2A Double-Deficient CD8TCR+ and CD8TCR Cells Produce IFN-g and Upregulate Activation Markers upon
Stimulation
In vitro culture of LN cells isolated from Tcf12f/fTcfe2af/fCD4Cre and Tcf12f/fTcfe2af/fCD4Cre+mice with or without (unstimulated) PMA and ionomy-
cin for 6 hr. Cells were analyzed by FACS analysis for intracellular IFN-g and surface CD69 and CD44 expression. Plots are gated on CD8+ cells, and
percentages in each quadrant are displayed. Data are representative of three independent experiments.observed that the CD4 and CD8 populations were mark-
edly altered in the thymus and periphery (Figure 1). Al-
though the overall thymic cellularity remained unchanged
(Figure 1B), therewas a severe reduction of CD4SP and an
increase of CD8SP cells in Tcf12f/fTcfe2af/fCD4Cre+ mice
compared to Tcf12f/fTcfe2af/fCD4Cre control mice
(Figure 1A). This reduction of CD4+ and increase of
CD8+ cells was also observed in the periphery (Figures
1A and 1C). Even more striking, there was an abundant
population of CD8+ cells lacking surface TCR expression
in the periphery (Figures 1A and 1C). Deletion analysis
demonstrated that both HEB and E2A were efficiently
deleted in DP and subsequent stages of development
(Figure S1 available online). However, to determine
whether the CD8TCR phenotype was dependent on
deletion of all four alleles, we analyzed mice retaining
either one HEB or E2A wild-type allele (Figure S2). Periph-
eral CD8TCR cells were not detected in Tcf12f/+Tcfe2af/f
CD4Cre+ or Tcf12f/fTcfe2af/+CD4Cre+ mice, demonstrat-
ing that complete deletion of HEB and E2A was required
for generation of this population.
Characterization of Peripheral CD8TCR Cells
Further analysis of the surface phenotype of the peripheral
CD8TCR cells showed that they were CD8a+CD8b+
CD62L+CD44loCD69TCRgd, consistent with a mature,
resting ab T cell phenotype (Figure S3 and data not
shown). To test whether CD8TCR cells displayed similar
functionality to that of conventional CD8+ T cells, we ana-
lyzed their response to stimulation. CD8TCR cells were
able to produce IFN-g, albeit at reduced amounts, and
upregulate expression of activation markers CD44 and
CD69 upon PMA and ionomycin stimulation (Figure 2).
However, a defect in homeostatic proliferation was
observed in the CD8TCR cells when transferred to lym-
phopenic, Rag2/ recipients (Figure S4). Because these
cells resembled CD8+ T cells in terms of phenotype and862 Immunity 27, 860–870, December 2007 ª2007 Elsevier Incfunction, but exhibited defective expansion in the periph-
ery, they were probably generated by a constant output
from the thymus.
CD8TCR Cells Are T Cells Developing
in the Absence of a Functional TCR
To begin investigating how and when CD8TCR cells
diverged from conventional CD8+ T cell development,
we first examined their TCR rearrangement status.
CD8TCR cells had undergone TCRb V to DJ recombina-
tion and expressed intracellular TCRb chain at a compara-
ble amount to their CD8TCR+ counterparts (Figures 3A
and 3B). In addition, TCRa transcript expression was
detected in the CD8TCR cells (Figure 3C). We next per-
formed sequencing analysis of TCRa V to J rearrange-
ment by amplifying cDNA from Tcf12f/fTcfe2af/fCD4Cre+
CD8TCR+ and CD8TCR peripheral cells with Va8- spe-
cific and Ca-specific (constant region) primers. Sequenc-
ing revealed that TCRa rearrangements were present in
the CD8TCR population, and they were nonfunctional,
explaining why these cells lacked a functional surface
TCR (Table 1). To then determine whether the develop-
ment of CD8TCR cells could occur independently of
TCRa rearrangement, we crossed our Tcf12f/fTcfe2af/f
CD4Cre+ mice onto a Tcra enhancer-deficient back-
ground (EaD) (Sleckman et al., 1997). EaD mice exhibit
a severe block in TCRa recombination and accumulation
of cells at the DP stage (Sleckman et al., 1997). The pres-
ence of CD8TCR cells in Tcf12f/fTcfe2af/fCD4Cre+EaD
mice showed that development of this population did
not require TCRa rearrangement (Figure 3D).
The strategy used for the above sequencing of TCRa
rearrangements also allowed for investigation of Ja seg-
ment usage. Rearrangement in the Ja locus proceeds in
a proximal to distal (50 to 30) manner (Petrie et al., 1995;
Thompson et al., 1990; Wang et al., 1998). Initial TCRa
rearrangements use Ja segments at the 50 end of the locus.
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E Proteins Enforce Thymocyte Positive SelectionFigure 3. CD8TCR Cells Are T Cells Developing in the Absence of a Functional TCR
(A) TCRb V to DJ rearrangement analysis on DNA from Tcf12f/fTcfe2af/fCD4Cre and Tcf12f/fTcfe2af/fCD4Cre+ sorted thymus (DP) and LN (CD8TCR+,
CD8TCR) populations used Vb8 50 consensus and Jb2.7 30 primers. Rearrangement products involving Jb2.1–Jb2.7 are shown. Lat/ (Zhang et al.,
1999) and Rag2/ total thymocyte DNA were used as positive and negative controls, respectively. CD14 was used as a loading control. Molecular
weight marker is labeled (M).
(B) Intracellular TCRb expression in specified populations from Tcf12f/fTcfe2af/fCD4Cre+ LN.
(C) RT-PCR analysis for TCRa (Ca) expression in sorted populations from Tcf12f/fTcfe2af/fCD4Cre and Tcf12f/fTcfe2af/fCD4Cre+ mice. Rag2/ total
thymocyte cDNA was used as a negative control, and GAPDH was used as a loading control. Three-fold serial dilutions are as shown.
(D) Phenotype of thymus and LN cells from EaD and Tcf12f/fTcfe2af/fCD4Cre+EaD mice. Percentages in each quadrant are displayed.and can be followed by secondary rearrangements using
more 30 Ja segments. In our sequencing analysis, Ja
usage in both CD8TCR+ and CD8TCR populations from
Tcf12f/fTcfe2af/fCD4Cre+ mice appeared to be skewed
to the 50 end of the locus (Table 1). Analysis of Ja usage
by PCR from genomic DNA of peripheral T cells also
demonstrated this biased usage of the more 50 Ja seg-
ments (Figure S5). Rearrangements using Ja22, the
most 30 Ja analyzed, were greatly reduced in Tcf12f/f
Tcfe2af/fCD4Cre+ CD8TCR+ and CD8TCR T cells com-
pared to Tcf12f/fTcfe2af/fCD4Cre and heterozygousImTcf12f/+Tcfe2af/+CD4Cre+ and Tcf12f/+Tcfe2af/fCD4Cre+
controls, whereas rearrangements using the more 50
Ja58 and Ja49 segments were equally if not more abun-
dant compared to controls. These results were reminis-
cent of theRORg-deficientmice that demonstrate a defect
in 30 Ja usage because of a survival defect limiting the life-
span of DP thymocytes (Guo et al., 2002; Kurebayashi
et al., 2000; Sun et al., 2000). Because E2A has been
shown to regulate the isoform RORgt in DP thymocytes
(Xi et al., 2006), we next analyzed RORgt expression. As
suspected, RORgt expression was decreased in Tcf12f/fmunity 27, 860–870, December 2007 ª2007 Elsevier Inc. 863
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E Proteins Enforce Thymocyte Positive SelectionTcfe2af/fCD4Cre+ DP cells (Figure 4A). In addition, Tcf12f/f
Tcfe2af/fCD4Cre+ DP thymocytes demonstrated reduced
ex vivo survival when cultured in media alone compared
to wild-type, Tcf12f/fTcfe2af/fCD4Cre, and EaD controls
(Figure 4B). Together, the Ja usage, decrease in RORgt
expression, and reduced ex vivo survival suggested that
Tcf12f/fTcfe2af/fCD4Cre+ thymocytes also have a short-
ened time in the DP stage.
Even though the data suggested that CD8TCR cells
developed from DP thymocytes, it still remained possible
that these cells, being CD8+, could develop directly from
the earlier CD8+ immature single-positive (ISP) stage.
ISP cells represent a transitional stage from DN to DP
development when cells first upregulate CD8 prior to
CD4. To therefore verify DP stage as the developmental
source of our CD8TCR cells, we cultured DP thymocytes
ex vivo on a thymic stromal layer. DP thymocytes from
Tcf12f/fTcfe2af/fCD4Cre+ mice not only gave rise to both
CD8TCR+ and CD8TCR SP cells, but also did so very
efficiently compared to the Tcf12f/fTcfe2af/fCD4Cre con-
trol cells (Figure 4C). Tcf12f/fTcfe2af/fCD4Cre+ DP cells
appeared to have been rescued from an enhanced
cell-death phenotype (Figure 4B) because the loss of
HEB and E2A also triggered maturation of DP cells to
the SP stage. It is this latter event that led to the develop-
ment of CD8TCR cells.
We then wanted to analyze the rate of CD8SP cell pro-
duction in vivo. Tcf12f/fTcfe2af/fCD4Cre+ and wild-type
(B6) mice were injected with BrdU for 4 and 24 hr pulse
analysis. Percent labeling in DN, DP, and CD8SP popula-
tions did not demonstrate a dramatic difference between
Tcf12f/fTcfe2af/fCD4Cre+ and control mice at either time
point (Figure S6). However, Tcf12f/fTcfe2af/fCD4Cre+
mice did display an increase in BrdU+ CD8SP cell num-
bers at 24 hr. Because cell-cycle analysis by Hoechst
staining indicated that Tcf12f/fTcfe2af/fCD4Cre+ CD8SP
cells were not proliferating (data not shown), the increase
in BrdU+ CD8SP cell number could be due to more DP
cells giving rise to CD8SP, an increased rate of DP to
CD8SP differentiation, or a combination of both.
Table 1. TCRa Rearrangements in CD8TCR Cells Are
Nonfunctional
Ja # of Clones # in Frame # out of Frame
CD8 TCR+
57 1 1 0
52 3 3 0
47 1 0 1
42 3 3 0
Total 8 7 1
CD8 TCR
58 5 0 5
56 1 0 1
43 2 0 2
Total 8 0 8864 Immunity 27, 860–870, December 2007 ª2007 Elsevier IncLoss of HEB and E2A Initiates
CD8 T Cell Development
The above data suggested that HEB and E2A are required
to maintain DP fate and prevent premature differentiation
to SP stage. To get a comprehensive view of HEB- and
E2A-mediated gene expression during the DP stage, we
performed microarray analysis with sorted DP cells. The
results yielded a group of 285 genes that were either upreg-
ulated or downregulated greater than 2-fold in the Tcf12f/f
Tcfe2af/fCD4Cre+ DP population compared to Tcf12f/f
Tcfe2af/fCD4Cre control DP cells (Figure 5A and 3-fold
change listed in Tables S1 and S2). Within these groups,
an interesting trend emerged. Genes known to be highly
expressed at DP stage were downregulated within the
Tcf12f/fTcfe2af/fCD4Cre+ DP population, whereas genes
known to be upregulated at SP stage were already being
upregulated. For example, Gfi1 and Mad1l1, which are
two genes whose expression has been shown to drop
dramatically upon differentiation to SP stage (Rudolph
et al., 2001; Yucel et al., 2003), were both downregulated
in Tcf12f/fTcfe2af/fCD4Cre+ DP cells. In contrast, Foxo1,
which is most highly expressed in positively selected DP
cells and SP cells (Leenders et al., 2000), was upregulated
in Tcf12f/fTcfe2af/fCD4Cre+ DP thymocytes. Of these,Gfi1
is of particular interest because Gfi1/mice also demon-
strate an enhanced development of CD8SP cells; how-
ever, CD8SP development in thesemice is shown to occur
in only a TCR-dependent manner (Yucel et al., 2003).
Altered expression of Gfi1, Mad1l1, and Foxo1 in Tcf12f/f
Tcfe2af/fCD4Cre+ DP thymocytes was also confirmed by
quantitative RT-PCR (Figure 5B).
The DP microarray analysis also identified genes that
are relevant to thymocyte migration. Klf2, encoding a
transcription factor critical for activating expression of
the sphingosine-1-phosphate receptor S1P1 during SP
maturation to allow thymic egress of mature T cells
(Carlson et al., 2006), was upregulated in our Tcf12f/f
Tcfe2af/fCD4Cre+ DP cells. KLF2 expression was also ver-
ified by quantitative RT-PCR analysis (Figure 5B). The che-
mokine receptor CXCR4 is expressed in early stages of T
cell development for cortical retention within the thymus
(Plotkin et al., 2003) and then downregulated upon posi-
tive selection. Concurrently, the chemokine receptor
CCR7 is upregulated at this time to induce migration of
selected SP thymocytes from the cortex to the medulla,
where they will then undergo negative selection (Kurobe
et al., 2006). We found that Cxcr4 and Ccr7 were downre-
gulated and upregulated, respectively, in Tcf12f/fTcfe2af/f
CD4Cre+ DP thymocytes. In accordance with these
microarray results, the surface expressions of IL-7Ra
and CCR7, which are both upregulated from DP to SP,
were already upregulated in a fraction of Tcf12f/fTcfe2af/f
CD4Cre+ DP cells at the level of that in SP stage cells
(Figure 5C). In addition, surface expression of CXCR4
was predominantly downregulated in Tcf12f/fTcfe2af/f
CD4Cre+ DP cells. To ensure that these were coordinated
events in individual cells, we analyzed staining of CCR7
and IL-7Ra or CXCR4 together. Tcf12f/fTcfe2af/fCD4Cre+
DP cells that had upregulated CCR7 expression had.
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E Proteins Enforce Thymocyte Positive SelectionFigure 4. Tcf12f/fTcfe2af/fCD4Cre+ DP
Thymocytes Survive Poorly, but Differen-
tiate to SP Cells Efficiently in Culture
(A) Quantitative RT-PCR analysis of RORgt
expression in sorted Tcf12f/fTcfe2af/fCD4Cre
and Tcf12f/fTcfe2af/fCD4Cre+ DP cells. Sam-
ples were normalized to the expression of
GAPDH. Data are from duplicates of two inde-
pendent experiments (n = 4). ***p < 0.001, Stu-
dent’s t test, two-tailed. Graphed results are
means with error bars representing standard
error of the mean (SEM).
(B and C) Ex vivo culture analysis of sorted DP
thymocytes from Tcf12f/fTcfe2af/fCD4Cre and
Tcf12f/fTcfe2af/fCD4Cre+ mice. (B) DP cells
were plated in media alone and analyzed for
Annexin V expression by FACS at 0, 6, 18,
25, and 43 hr after plating. Wild-type (B6) and
EaDDP cells were used as additional controls.
Data are representative of two independent ex-
periments. (C) DP cells were plated on a layer
of total thymic stromal cells (day 0) and ana-
lyzed by FACS analysis for CD4, CD8, and
TCRb expression on day 1–3. Percentages in
each quadrant are displayed. TCRb expression
within the Tcf12f/fTcfe2af/fCD4Cre+ CD8SP
gate is shown for day 3. Data are representa-
tive of three independent experiments.concurrently upregulated IL-7Ra and downregulated
CXCR4 in a manner similar to that of the Tcf12f/fTcfe2af/f
CD4Cre SP cells (Figure 5D).
These SP-like changes in chemokine-receptor expres-
sion at DP stage in Tcf12f/fTcfe2af/fCD4Cre+mice together
with the decrease in RORgt expression (Figure 4A) and
skewed Ja usage (Table 1 and Figure S5) were consistent
with a shorter DP lifespan. To further investigate the dwell
time of cells in the thymus, we chose to analyze HSA
(CD24) expression. HSA is a useful marker for T cell mat-uration but is not functionally critical for thymocyte devel-
opment (Nielsen et al., 1997). HSA is highly expressed on
ISP cells, slightly lower on DP cells, begins to be further
downregulated on SP cells, and is low or absent onmature
peripheral T cells. The CD4SP and CD8SP thymocytes in
Tcf12f/fTcfe2af/fCD4Cre+ mice demonstrated a DP-like
staining for HSA, suggesting that SP cells had not yet
had time to begin downregulating HSA expression
(Figure S7). However, the HSA expression in peripheral T
cells from Tcf12f/fTcfe2af/fCD4Cre+ mice was similar toImmunity 27, 860–870, December 2007 ª2007 Elsevier Inc. 865
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E Proteins Enforce Thymocyte Positive SelectionFigure 5. Loss of HEB and E2A Initiates CD8 T Cell Maturation and Thymic Egress in the Absence of a TCR-Mediated Positive-
Selection Signal
(A) Volcano plot from microarray data comparing gene expression in Tcf12f/fTcfe2af/fCD4Cre+ and Tcf12f/fTcfe2af/fCD4Cre DP thymocytes.
Changes in gene expression are shown as a ratio of Tcf12f/fTcfe2af/fCD4Cre+ to Tcf12f/fTcfe2af/fCD4Cre cells. Upper plot shows the 15,730 genes
remaining after quality filtering, with the 285 geneswith greater than 2-fold change and t test p value% 0.05 in red. Lower plot highlights a few genes of
interest.866 Immunity 27, 860–870, December 2007 ª2007 Elsevier Inc.
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E Proteins Enforce Thymocyte Positive Selectionthat of the Tcf12f/fTcfe2af/fCD4Cre control cells. This
indicated that Tcf12f/fTcfe2af/fCD4Cre+ T cells did down-
regulate HSA by the time they reached the periphery.
Together, the microarray and surface-expression analysis
showed that DP cells were prematurely acquiring an SP
phenotype upon deletion of HEB and E2A.
DISCUSSION
The TCR-independent maturation of Tcf12f/fTcfe2af/f
CD4Cre+ DP cells exhibited various aspects of CD8SP
cell development, including the silencing of DP-specific
genes, maturation to a CD8 single-positive phenotype,
and activation of factors critical for migration and thymic
egress. These findings have demonstrated that HEB and
E2A are critical at the DP stage to block further develop-
ment until a proper TCR-mediated positive-selection
signal is received. Premature withdrawal of HEB and
E2A prior to this signal was sufficient to activate the devel-
opmental program for CD8 lineage, whether the cell had
produced a functional TCR or not. We propose that HEB
and E2A function as gatekeepers for a default pathway
from DP to CD8SP stage.
The Tcf12f/fTcfe2af/fCD4Cre mouse model will now
allow us to further elucidate the downstream transcrip-
tional network directing this pivotal differentiation step
from DP to SP. It appears that E proteins are regulating,
perhaps directly, two sets of genes. HEB and E2A are
required to bothmaintain DP gene expression and prevent
SP gene activation. One candidate gene from ourmicroar-
ray data mentioned above is Gfi1, encoding a trans-
criptional repressor that may act with or downstream of
E proteins to suppress SP genes at the DP stage. Gfi1
was also identified in a microarray study by Schwartz
et al., (2006) as a gene suggested to be directly upregu-
lated by E2A. In addition, Foxo1 was identified as an
E2A target in this microarray analysis and was suggested
to be directly repressed by E2A (Schwartz et al., 2006).
This finding also concurs with our microarray data, indi-
cating that Foxo1 may be an E2A-repressed gene at DP
stage that is activated upon differentiation to SP stage.
These targets and others identified suggest a network of
transcription factors functioning downstream of E proteins
to orchestrate proper DP to SP development.
Our observation that Tcf12f/fTcfe2af/fCD4Cre+ T cells
developed primarily into CD8 lineage but not CD4 sug-
gests a role for E proteins in lineage choice. Depending
on their TCR specificity, DP cells give rise to either MHC
class II-restricted CD4 SP cells or class I-restricted CD8
SP cells. How this process of lineage choice occurs and
is regulated has been under intensive investigation andImongoing debate (Kappes and He, 2006). Focus on tran-
scriptional regulation of this event has led to some more
recent advances, mainly the identification of a key tran-
scription factor, Th-POK (also known as cKrox). Th-POK
is both required and sufficient for commitment to the
CD4 lineage (He et al., 2005; Sun et al., 2005). It has
been suggested that CD8 development is a default path-
way, and an additional or prolonged signal is required
for activation of Th-POK to direct cells to the CD4 lineage
(Aliahmad and Kaye, 2006; Kappes and He, 2006). The
loss of HEB and E2A in our system initiated premature
DP to CD8SP development. Although HSA staining of
Tcf12f/fTcfe2af/fCD4Cre+ thymocytes suggests an in-
creased maturation rate, whether or not this DP to SP
transition was accelerated once initiated remains to be
determined. If the development to SP stage was acceler-
ated upon deletion of HEB and E2A in our model, it would
therefore be possible that the cells did not have enough
time for CD4 lineage instruction. Alternatively, HEB and
E2A may be required specifically for CD4 development
or for suppression of CD8 development. Analysis of
Th-POK expression in Tcf12f/fTcfe2af/fCD4Cre+ versus
Tcf12f/fTcfe2af/fCD4Cre CD4SP cells demonstrated
that HEB and E2A are not required for maintenance of
Th-POK expression (data not shown). However, this find-
ing does not rule out a role for E proteins upstream of
initiation of Th-POK expression.
One consideration for why the loss of E protein activity
favors CD8 over CD4 is the role of E proteins in regulating
CD4 expression. Previous studies have suggested the
CD4 enhancer as a target of E proteins during thymocyte
development (Sawada and Littman, 1993). The presence
of HEB- and E2A-deficient CD4 T cells in our Tcf12f/f
Tcfe2af/fCD4Cre+mice, albeit at greatly reduced numbers,
indicates that HEB and E2A are not required for CD4 ex-
pression in mature T cells. However, it still remains possi-
ble that loss of CD4 expression, or a CD4-lineage-specific
gene, at DP stage upon deletion of HEB and E2A could
contribute to the development of only CD8+ T cells.
If the loss of HEB and E2A triggers development of
CD8+ T cells, why did we see this small population of
peripheral CD4+ T cells in the Tcf12f/fTcfe2af/fCD4Cre+
mice? These peripheral CD4+ T cells were HEB and E2A
deficient, as demonstrated by deletion analysis. Because
all of these CD4+ T cells were TCR+, they probably origi-
nated from a small number of MHC class II-restricted
(CD4-specific) DP cells receiving a positive-selection
signal prior to complete deletion of HEB and E2A. These
CD4+ T cells were capable of survival and homeostatic
proliferation upon transfer (data not shown), so it is
expected that the peripheral CD4+ T cell population(B) Quantitative RT-PCR analysis of Gfi1, Mad1l1, KLF2, and Foxo1 expression in sorted Tcf12f/fTcfe2af/fCD4Cre and Tcf12f/fTcfe2af/fCD4Cre+
DP cells. Samples were normalized to the expression of GAPDH. Data are from duplicates of two independent experiments (n = 4). ***p < 0.001
and **p = 0.0054, Student’s t test, two-tailed. Graphed results are means with error bars representing SEM.
(C and D) FACS analysis of IL-7Ra, CCR7, and CXCR4 expression in DP compared to SP stage in thymus from Tcf12f/fTcfe2af/fCD4Cre and Tcf12f/f
Tcfe2af/fCD4Cre+ mice. Cells are pregated on CD4+CD8+ (DP), CD4+CD8 (CD4SP), and CD4CD8+ (CD8SP) populations.
(C) Histograms display IL-7Ra, CCR7, and CXCR4 expression in designated populations from individual stainings.
(D) FACS plots demonstrate coordinated expression of CCR7 and IL-7Ra or CXCR4 in designated populations with percentages in each quadrant
displayed. Data are representative of two independent experiments.munity 27, 860–870, December 2007 ª2007 Elsevier Inc. 867
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remains possible that most of the CD4+ T cells in the
Tcf12f/fTcfe2af/fCD4Cre+ mice were negatively selected
and those that survived were CD4+ T cells with the lowest
binding affinity for MHC-peptide. A role for E proteins in
negative selection is also currently being investigated.
Transcriptional regulation by E proteins may provide
a means to coordinate DP to SP differentiation, selection,
and CD4 versus CD8 lineage commitment. Our results
have shown that HEB and E2A function as critical determi-
nants of the DP to SP transition by enforcing the require-
ment for TCR-mediated positive selection. Our results
also suggest that E proteins may serve as key regulators
during CD4 versus CD8 lineage choice. Positive selection
and lineage choice are suggested to be tightly linked
processes; however, the regulation of each remains con-
troversial. Future analysis of the Tcf12f/fTcfe2af/f
CD4Cre+ mice in predefined selective backgrounds may
help to distinguish the regulatory pathways driving each
of these events.
EXPERIMENTAL PROCEDURES
Mice
Mice have been described previously (Pan et al., 2002; Sleckman et al.,
1997; Wojciechowski et al., 2007; Wolfer et al., 2001; Zhang et al.,
1999). All research with mice was performed in accordance with rele-
vant guidelines, and protocols were approved by the Duke University
Animal Care and Use Committee.
Cell Staining and Flow Cytometry
Intracellular staining was done by 2% paraformaldehyde fixation
followed by permeabilizing in 0.5% saponin. Annexin V staining was
done according to manufacturer’s protocol (BD PharMingen). FACS
analysis was done with a FACSCalibur (BD Biosciences) or FACSVant-
age SE with DiVa option (BD Biosciences) and FlowJo software (Tree
Star). FACS plots are pregated on 7-aminoactinomycin D (7AAD,
Molecular Probes) negative lymphocytes. FACSVantage SE with
DiVa option (BD Biosciences) was used for cell sorting.
In Vitro Lymphocyte Stimulation
Total lymph node (LN) cells isolated from Tcf12f/fTcfe2af/fCD4Cre and
Tcf12f/fTcfe2af/fCD4Cre+ mice were cultured in RPMI (5% FBS) and
2 ng/mL IL-2, with or without 10 ng/mL phorbol 12-myristate 13-ace-
tate (PMA) and 1 mg/mL ionomycin for 6 hr. Three micromolars of
monensin was added for the last 4 hr to prevent release of cytokine.
TCRb Recombination
The protocol has been described previously (Wojciechowski et al.,
2007). The following primers were used: Vb8 50 consensus (50-GCATG
GGCTGAGGCTGATCCATTA-30 ), Jb2.7 30 (50-TGAGAGCTGTCTC
CTACTATGGATT-30). CD14 primers were used as a loading control
(Lazorchak et al., 2006).
RT-PCR
For TCRa (Ca constant region) analysis, RNA extraction, DNase I treat-
ment, and reverse transcription has been described previously
(Lazorchak et al., 2006). For RORgt, Gfi1, Mad1l1, KLF2, and Foxo1
analysis, RNA was extracted with RNeasy QIAGEN kit with DNase I
step following the manufacturer’s protocol. Quantitative real-time
PCR analysis was performed with a Roche LightCycler and the Fast-
Start DNA master SYBR green kit I (Roche) as per the manufacturer’s
instructions. The following primers were used: RORgt primers (Xi et al.,868 Immunity 27, 860–870, December 2007 ª2007 Elsevier In2006) and GAPDH primers (Lazorchak et al., 2006); see the list in Table
S3 for the other RT-PCR primers.
TCRa Sequencing
PCR amplification of cDNA from sorted CD8TCR+ and CD8TCR
Tcf12f/fTcfe2af/fCD4Cre+ LN cells with primers specific for Va8 and
Ca yielded a product from any expressed TCRa transcripts when
a Va8 rearrangement was used. The PCR product was cloned into
a PCR4 TOPO vector (Invitrogen) and sequenced. A total of eight
clones were analyzed for each population. The Ja gene segment
usage and V to J rearrangement frame status were determined from
the sequences. The following primer sequences were used: Va8
50-CAGACAGAAGGCCTGGTCAC-30, Ca 50-TGGCGTTGGTCTCTTT
GAAG-30.
In Vitro DP Cultures
For survival assay, sorted CD4+CD8+DP cells were plated in RPMIme-
dia, 10% FBS, 50 uM b-mercaptoethanol, L-glut/Pen/Strep, 25 mM
HEPES. For thymic stromal culture, thymus was harvested from
wild-type CD45.1 congenic mice, cut into approximately eight pieces,
and digested for 30 min at 37Cwith 1mg/mL collagenase 1A (Sigma).
A single-cell suspension was made and plated for 6 hr. Resulting
adherent cell layer was washed to remove most suspension cells.
CD45.2+ CD4+CD8+DP cells were sorted and plated on thymic stromal
layer the following day in IMDM media 5% FBS, 50 uM b-mer-
captoethanol, NaPyr/L-glut/Pen/Strep. FACS plots are pregated on
7AADCD45.1Gr-1Mac-1B220 lymphocytes.
Microarray Analysis
CD4+CD8+ DP cells were sorted from Tcf12f/fTcfe2af/fCD4Cre+ and
Tcf12f/fTcfe2af/fCD4Cre thymus. The same CD4hiCD8hi gate was
used for both Tcf12f/fTcfe2af/fCD4Cre+ and Tcf12f/fTcfe2af/fCD4Cre
sorting to assure analysis of populations expressing similar CD4 and
CD8 levels. Independent sorts from two mice per genotype were
done. RNA was extracted with RNeasy QIAGEN kit with DNase I
step following the manufacturer’s protocol. Array analysis was per-
formed by the Duke Microarray Core Facility (http://microarray.
genome.duke.edu/services/spotted-arrays/protocols). In brief, one
round of amplification was performed, RNA samples were labeled
with Cy3 or Cy5 dyes, and samples were hybridized to the Mouse
Operon oligo set 4.0 Chip. Two comparisons were performed:
Tcf12f/fTcfe2af/fCD4Cre+ to a Universal Mouse Reference RNA (Strata-
gene) and Tcf12f/fTcfe2af/fCD4Cre to this same reference, each done
in duplicate. Data filtering and statistical analysis were performed with
GeneSpring software. Tcf12f/fTcfe2af/fCD4Cre+ versus Tcf12f/fTcfe2af/f
CD4Cre comparisons were done with averages of the duplicates, fil-
tering out any geneswith > 2 standard deviation (SD) within the groups.
Genes that have neither Ensembl nor Unigene identification are
excluded from Tables S1 and S2. The complete data set has been
submitted to the GEO database (http://www.ncbi.nlm.nih.gov/geo;
GSE9749).
Statistical Analysis
Statistical significance was assessed by the two-tailed Student’s
t test.
Supplemental Data
Seven figures and three tables are available at http://www.immunity.
com/cgi/content/full/27/6/860/DC1/.
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